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UNCERTAINTY OF THE DISC BRAKE THERMAL STRESS 
MEASURED BY THERMOGRAPHY 


Stefan VOLOACA', Gheorghe FRATILA” 


Rezumat. Lucrarea analizeaza posibilitatea evaluarii incertitudinii de determinare a 
emisivitatii si a solicitarilor termice ale discurilor de frana tn cazul franarii intensive. Sunt 
luate in considerare proprietatile materialului si solutiile constructive ale discurilor de 
frana. Distributia de temperaturi a fost evaluata de autori prin simulare in laborator in mod 
controlat; imaginile termice achizitionate au fost prelucrate cu un program de calcul 
adecvat. Pentru o franare intensiva (in mai putin de 5 secunde) s-a tinut seama de faptul ca 


variatia temperaturii discului este cuprinsa intre 20 °C si 200 °C. 


Abstract. The paper analyses the possibility of evaluating the uncertainty of determining 
the emissivity and the thermal stress for a disc brake during an intensive braking. There are 
taking into consideration the material properties and types of disc brake. The temperature 
distribution was evaluated by the authors by simulating it in the laboratory, in a controlled 
environment; the taken thermal images have been processed using adequate software. It has 
been taking into account that the temperature usually varies between 20 °C and 200 °C (in 
less than 5 seconds) for a disc brake at an intensive braking. 


Keywords: Automotive engineering, disk brake, thermography, image analysis, experimental 
simulation, braking, radiation, thermal emissivity 


1. Introduction 


The thermal stress is a result of exterior constrains during temperature variation 
AT inside the disc brake, having no possibility to expand or constrict. It can be 
expressed as [1]: 


E 
o =—-——-a-AT (1) 
l-v 
Where: 
a. — the linear thermal expansion coefficient of the disc brake material; 
AT =T —T., T— local disc temperature, 7, — ambient temperature, 
E— Young modulus, v — Poisson coefficient. 
Deriving relation (1) with time, next relation is obtained: 
do E d(AT 
= -O: (AT) (2) 
dt l1-v dt 
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This emphasizes the high growing of thermal stress for a short time period of 
temperature high variation. Is expected an increase of existent stress inside the 
disc, during an intensive braking from high speed. Thermal stress is amplified by 
the presence on disc surface of small cracks, microparticles agglomerations etc. 
Those determine anomalies of thermal flux inside the disc brake [2, 3, 4]. The 
anomalies can be shown by thermograms taken by high performance thermal 
camera. 


Usually temperature or radiation maps offered by thermograms are presented 
colorimetric to be easily interpreted by a human observer. For high quality 
thermogram, frames must be taken by thermal cameras in grey shades (figure 1). 
It’s mentioned that thermography is the only technique which permits the 
determination, from short distance, in real time, of disc brake thermal stress [5]. 

It has a series of disadvantages, not yet resolved, inside the interest zone: 

e Unknowing the emissivity of disc brake during experiments and forward 
the wrong setting of thermal camera — by setting the camera to a lower value of 
emissivity, the indicated temperature (the apparent temperature) will also be lower 
than real one [6, 7]; 


e During braking, the emissivity varies nonlinear. It varies with factors like: 
environment humidity and temperature, surface state and the geometry of 
ventilated discs [6]. 


e Problem raised by conversion algorithm of the disc brake emitted radiance 
into real temperature, which are implemented in thermal camera’s processor. 


Emissivity variation is insignificant for materials with low reflectivity, at 
temperatures up to 200°C. For polished materials, with high reflectivity (disc 
brake material), emissivity has a considerable variation with temperature 
(especially at intensive braking with low possibilities of ventilation). 


After author’s knowledge, there is not enough information regarding emissivity 
variation ¢ (T) with temperature T for disc brake. The main reason is the keeping 
the secret by producers over this variation. Due this, inside the paper are useful 
any values measured and published in literature: 


e From paper [8] the emissivity variation Aé/s of a disc brake is around 0.85 
at temperature of 200 °C; by extrapolation, for temperatures under 200 °C the 
value will be Ag ~ ¢ (figure 2). 


e From paper [9] for a spectral domain 8-14 um, polished cast iron used for 
disc brake, has emissivity of 0.21. 


e From paper [9] for a spectral domain 8-14 um, polished cast iron used for 
disc brake, has emissivity of 0.21. 
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Fig. 1. Thermograms and histograms at the Fig. 2. Estimation of emissivity variation of a 
beginning and the end of braking disc brake in temperature domain 
(from 100 km/h). (extrapolation made from paper [8]). 


2. Approaching the idea 


A temperature analyse was made to evaluate the certitude of emissivity 
determination, for two types of disc brakes (basic and ventilated disc brakes). 


Other followed aim was the comparative determination of their vulnerability to 
thermal stress. It was possible by highlighting the spatial distribution of emissivity 
over disc brake surfaces. 


Image processing was made by ImageJ [10] and radiance calculation by MBRC 
[Mikron Blackbody Radiation Calculator] software from Mikron (U.S.A.), 
specialized in thermal cameras. 


For a grey body, like disc brake, the spectral emissivity ¢\(A, 7; ) is the ratio of 
radiances of grey and black bodies at the same temperature T7;. 


Considering the spectral domain [(i,A2] of thermal camera, which takes 
thermograms, the spectral emissivity is [11, 12, 13]: 


RAT) 


(1) =|” 
é; iv 2 Rey (AsT) 


dx (3) 
A thermogram displayed, by a thermal camera, can be in grey scale Ng 
(monochrome) or colour (figure 2). 


For a fast results interpretation of thermograms the radiance was taken as a 
reference element, expressed by the colour index (intensity of grey). After paper 
[13], the radiance at a pixel level can be written as: 


R (A) = Rag (0) + ee = Roa WD Y= Rain) (4) 


min gi 
gmax 
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where R;(A) — spectral radiance at the level of a pixel i, Rmin(A) — minimum 
spectral radiance determined from the frame, Rmax(A) — maximum spectral 
radiance determined from the frame, Ngmax — maximum level of grey (255), Ngi— 
grey level of analysed pixel (figure 3). 


gray color 


Ngmin = 0 Ngmax= 200 


Fig. 3. Two pixels’ values of grey levels (intensity) corresponding to two radiances 
- in grey levels or pseudocolour from the down scale. 


Radiances R,<, [W/cm’-sr-m] and R -cn LW / cm’ -sr-um] of a black body at 


temperatures of 7; and 7; assures on the monochrome display of a thermal camera 
the N,; and N,; grey shades. From paper [12] can be written: 


Rey =] R(T) DQ)dh =a-N, + K (5) 

ho 

Rew =|. R(T,,A)D(A)dd =a-N,+K (6) 
From equations (5) and (6) constants a and K can be determined. 

Analytical, the grey level of thermograms can be [13]: 

N,(Z.) =, €@.T))-D'()- RAT Ad (7) 
where D* - specific detectivity of thermal camera, R;(A, T) — brake disc radiance, 
N, — pixel intensity in image; admitting constant medium values for spectral 
domain [A1, Az] of thermal camera, relation (7) becomes: 


N,(Z,)=const-e(T) |" RAT dr (8) 


Paper [10] proposes a way of converting the pixel intensity N,; of a grey body to 
values of radiance at the level of a histogram [10]: 


R=Yc,-N, (9) 
i=0 
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where c; - the calibration coefficients. Thermal camera calibration is made by 
using a reference black body etalon and using Planck low to calculate radiation in 
the spectral domain of thermal camera [Ai, 42] mentioned before. Taking into 
account Stefan-Boltzmann relation equation (3) can be written as [15]: 


R(T) 
Oo ue 


e(T,) = (10) 
For a black body (CN) which is heated at the same temperature 7;, from relation 


(7) can be written: 
Z RT) 
€(T;) = &;cy (7;) R(T) (11) 


where R; values can be determined by histograms calculated with (8). From here: 
R(Z) __N,(Ti) 
Ri_cw (7;) N g-CN (Ti) 


€(T,) =€,_cy (7): (12) 


As example next are considered: T;=29°C; T;=100°C; 4;=8 um; A2=12 um. 
The results of relations (5) and (6) are (figure 4 and figure 5): 

1,5-10° =a-132+K 

3,5-10° =a-255+ K 
So: 

Rex =1,5-10° [W/em? -sr]; R;.y =3,5-10°[W/em’ -sr], 
Ngi (T= 29 °C) = 1305 Net de= TOO LOR= 255, 
so a=1,6-10*; K =-0,61-10°. 
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Fig. 4. Calculation of a black body Fig. 5. Calculation of a black body 
emitted radiance, by MBRC program emitted radiance by MBRC program 


for a temperature of 29 °C. for a temperature of 100°C. 
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All the grey levels N, were experimental determined, by using devices and 
methodology presented in the next chapter. Using relations (5) and (6) for the 
spectral domain 8 um~+ 12 um, constants a and K and taking in consideration 
temperature domain 0 °C+200°C (specific temperature distribution for usual 
brake discs), are obtained next temperature, radiance and grey level variations for 
different emissivity values (figure 6a and 6b). 
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Fig. 6 Variation of radiance (a) and grey level (b) for a brake disc 
with different emissivities for temperature 0 °C+200 °C. 


Authors observed form drawn figure 6, for temperature of 0 to 200°C and a 
spectral domain of 8+12 1m, a linear regression can be used to determine radiance 
and afferent grey level (relation 5 and 6). More on the incertitude is less with a 
low value of emissivity (figure 7). 
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Fig.7. Relative error of emissivity calculated with relation 


for 11 distinct values of temperature in the domain 0 °C+200 °C 
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Knowing the values a and K can determine the grey shades of a black body at any 
other temperature. Moreover, for a temperature domain 0 °C+200 °C, taking into 
account the results presented in figure 6, the relation (5) can be written as: 


R,=6,(a-N,,+K) (13) 


Theoretical, if the radiance value is calculated, can determine the temperature at 
the level of every pixel directly from the next equation [14]: 


ae (14) 


n( as + ; 
R(A) 


where K, and K>- calibration constants; they can be determined from figure 6 for 
temperature domain 0 °C+200 °C. 


T,[K]= 


Relations (13) and (14) practically permit from a taken thermogram to determine 
the temperature and emissivity, if grey shade of a grey body is known, and 
reverse. 


This way, for example, for an unknown zone A from a brake disc thermogram 
with the shade N,(T) = 214 and with a known temperature T, can be written: 


E Adisc -= = 0,84; a:214+K =1,6-107 -214—0,61-10° =2,81-107 
From Planck low, for ¢=0,84; A,;=8ym; A,=12um; results radiance 


Ry digo = 2,81-10° [W/cm - sr]. 


Regarding thermal stress described by relation (1) it can be highlight in a 
thermogram which has a radiance collected by a thermal camera with spectral 
domain [Aj, Ad]. 


About the estimation of thermal stress uncertainty given by using apparent 
temperatures instead of real one (as a result of unknowing the emissivity), this can 
be experimental determined from recordings in real time during braking. For 
experimental evolution of emissivity one of next method can be applied [15]: 


e A part of disc surface can be heated to a known temperature (measured by a 
contact thermometer). The authors consider the value of used emissivity that 
can be determined with precision, by knowing grey intensity of recorded 
thermogram and calculating radiance by Plank law for that temperature. 


e An indirect method of emissivity determination by measuring the reflectivity, 
using a thermocouple for determining contact temperature (figure 12). 
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Fig. 8. Calculation of radiance emitted by a black body, with the MBRC software for an emission 
temperature of 96 °C. Radiance corresponds to a temperature of T = 96 °C, that consists in an error 
of 4% reported to the real value of T=100 °C. 


3. Results and discussions 


For measure and control, were used devices with proprieties shown in figure 9 to 11. 
Both types of disc used, were abbreviated with acronyms RHM for basic disc brake 
and REO for ventilated disc (figure 12). The tests were made in laboratory and 
outside, on the road. The results are presented in figures 13 to 20. 


The laboratory tests are based on the technique of external temperature source, 
presented by one of the authors in a previous paper [16]. This purpose was to record 
thermograms for different temperature values, of studied discs, and for a black body 
used for emissivity calculation by the method of grey scale ratio from histograms. 


The road experiments were made for intensive braking from 100 to 0 km/h. They 
were made on two vehicles with two types of discs brakes (basic and ventilated 
discs). 


It is specified that: 


1. At the beginning disc temperature was the same as the environment one. 
The motor vehicle starts moving and accelerates to 100 km/h. At that point 
an intensive braking was made, until the vehicle stopped. 


2. After the first braking, the motor vehicle, rolled up about 300 meters, at a 
speed at 40 km/h), was turned away and stayed 5 minutes. 
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3. A new intensive braking was made after the motor vehicle was accelerated 
to 100 km/h. 


4. Again it rolled up about 300 meters and stopped with an easy braking. 


Fig. 11. A view of PathFindIR 


Fig. 9. The black body Wahl Fig. 10. Thermogram of the thermal camera with next 
standard source, with the Wahl standard source characteristics: 


characteristics: obtained by a PathFindIR e Spectral domain: 8-12 um; 
e Temperature domain: 0-350 °C; __ thermal camera. e Radiometric resolution: 8 bits; 
¢ Constant of temperature: 2°C; | The working aperture is e Visual field: 40°Hx30°V); 
e Aperture diameter: 100 mm. highlight. e Geometric resolution: 6,6”. 


b) 


Fig. 12. Disc brakes used in laboratory experiments (a - disc brake REO, b - disc brake RHM), 
with thermocouple mounted on measured surface. 
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22°C 200°C 
Fig. 13. Images of black body aperture in grey shades, and their histograms 
for temperature of 22 °C and 200 °C. Environment temperature 20 °C. 
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Fig. 14. Grey scale thermograms, of a disc brake, for three values of temperature. The calculated 
224 


two values are closed to image coordinates (grey level, radiance, emissivity) presented in figure 4b. 


Fig. 15. Images of coloured thermograms of the brake disc presented in figure 13. They show 
a good meshing of high temperature areas, but appreciation of temperature is less precise. 


emissivity based on grey scale ratio are: 6.02 "C5 =0,34 > Eqce(200 °C Fe, 088 . Those 


The experimental method verification was made using histograms and contrast of 
the profile (figure 16 and 17). The results were similar. 
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Fig. 16. The determination of emissivity difference by contrast based on histogram. 
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Fig. 17. The determination of emissivity difference based on contrast. 
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Fig. 18. Basic brake disc at temperature of 100 °C and its histogram for a polished zone. 
185 
E digo (100 °C) = —— = 0,72, 
255 
As a result of rugose influence the emissivity grows compared to anterior fig. 18. Ru- 
gose particle conglomerate generates high temperature and high risk of thermal stress. 
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Fig. 19. Basic disc brake at temperature of 100 °C and its histogram for an unpolished zone. 
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Over laboratory experiments, were made tests on the road directly on the motor 
vehicle. This way was obtained thermograms from figure 20, at the end of 
braking, which were analysed. 
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o 
nN 
a 
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Count: 4883 Min: 105 Count: 4553 Min: 130 
Mean: 136.427 Max: 191 Mean: 147.522 Max: 193 
StdDev: 10.440 Mode: 139 (678) StdDev: 12.583 Mode: 139 (579) 


a) Ventilated disc brake - REO. b) Basic disc brake - RHM. 
Fig. 20. Temperature distribution and histograms for analysed zones for two types of disc brakes. 
There is a variation of contrast (and of the emissivity). 


Value of contrast from figure a) 


255-136 ~ 0,465 
255 
and from figure b) 
255-147 ~0,42. 
255 


Taking care of relation (2), the first disc (ventilated disc) will have a smaller 
thermal stress than the second one (basic disc). 


This fact shows the necessity of using ventilated discs on the motor vehicles, to 
reduce thermal stresses. 
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4. Conclusions 


1. Emissivity of a disc brake can be evaluate with sufficient precision based on a 
limited number of grey levels of thermograms for values of temperature 0 to 200 °C; 


2. By analysing temperature distribution at the disc brake surface there can be 
evaluated risks of thermal stresses (internal stress for different braking regimes or 
discs); 


3. A relative error of emissivity grows with the value of reflectivity (emissivity 
decreases) due to influence of parasite thermal recorded in thermograms; 


4. The uncertainty of determining internal stress is higher with a low value of 
emissivity. 
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